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Abstract: We experimentally demonstrate a 9 LP-mode (15 spatial modes) fiber with low DMD, 
confirmed by both time of flight and S
2 
measurements. Low loss (~0.2dB/km) is verified by 
OTDR measurement of the individual mode groups. 
OCIS codes: (060.2280) Fiber design and fabrication; (060.2300) Fiber measurements 
 
1. Introduction 
Mode-division multiplexed (MDM) transmission systems are currently receiving a good deal of research attention, 
due to their potential for considerably increasing the capacity limit of single-mode fiber transmission [1-3].  
For these systems, the demands placed on the fiber are very much like those placed on normal single-mode 
transmission fiber; several characteristics should be minimized, namely loss (in the case of few-mode fiber, the 
differential mode loss should be kept to a minimum as well), bend loss for the given application, and nonlinearities 
(through increasing the effective area, and ensuring sufficient dispersion). Furthermore, to keep digital signal 
processing demands modest, it is desirable that the differential mode delay (DMD) be kept as low as possible. 
Moreover, in practical transmission systems, splices occur every few kilometers and as such, further demand is that 
the fiber splices well to itself with minimal loss and mode coupling. So far, fibers with 3, 6 and 10 spatial modes and 
low DMD have been demonstrated [4-6].  
We report here for the first time, to the best of our knowledge, a fiber that guides 9 linearly polarized (LP) 
modes, corresponding to 15 spatial modes, while fulfilling the above criteria. 
2.  Design 
In order to keep both DMD and bend losses low, a trench assisted graded index design is chosen, the design of 
which is outlined in Fig. 1. The graded index core is chosen such as to minimize the DMD. The trench volume is 
adjusted to minimize bend loss to ensure that differential mode loss is kept low, and to shift the cutoff such that 
exactly 9 LP modes are well guided. The highest order mode group has an effective index difference of 2.0×10
-3 
relative to the silica cladding, and the fiber is predicted to have excellent bend performance. The theoretical 
properties of the fiber are shown in Table 1. The predicted max|DMD| is less than 0.01 ps/m. Small perturbations to 
the core profile are predicted to give fairly large changes in DMD, and may also yield fibers with negative DMD, 
opening the possibility for all-fiber DMD compensation. 
 
Figure 1. Illustration of the refractive index profile of the 9 LP-mode fiber. 
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Table 1. Calculated properties for the 9 LP-mode fiber design outlined in Fig. 1. 
 
3.  Results 
A preform with the core design shown in Fig. 1 was fabricated using modified chemical vapor deposition. The 
graded index core is made from silica doped with varying amounts of germania in order to obtain the desired profile. 
The trench is composed of fluorine-doped silica. The outer cladding is composed of the silica substrate tube. The 
preform was then overclad with a silica jacketing tube and drawn down to standard 125 µm fiber dimensions under 
normal production draw conditions.  
The fiber was first characterized by spatially and spectrally resolved mode imaging (S
2
 imaging) [7], in order to 
assess differential mode delays and mode coupling within the guided modes. The details of the S
2
 measurement are 
outlined in [7]. Both a centered launch and an offset launch were used in order to excite higher order modes. 
 
Figure 2. S2 measurement on a 20 m sample of the 9 LP-mode fiber.  
 
Time-of-flight (ToF) measurements were then performed on a 13.2 km spool of the fiber in order to characterize 
its multimode impulse response and thus its DMD. The modal content of the individual peaks was resolved by 
individually launching each mode group, using phase plates in a free-space setup. A charge couple device (CCD) 
camera was used to capture images of the mode intensity profiles, leading to identification of each mode group. In a 
similar fashion, an optical time-domain reflectometer was used to measure the mode dependent loss of each mode 




Property (unit) LP01 LP11 LP02 LP21 LP12 LP31 LP03 LP22 LP41 
neff (10
-3) 
relative to silica 




>6000 >6000 3130 3090 2290 2285 1830 1830 1825 
DMD relative to 
LP01 (ps/m) 
0 0.0086 0.0064 0.0064 0.0042 0.0042 0.0020 0.0020 0.0020 
Effective Area 
(µm2) 
120 156 235 209 257 253 349 320 292 
Dispersion 
(ps/(nm.km)) 
18.2 18.5 18.8 18.9 19.1 19.2 19.4 19.4 19.5 
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Figure 3. Left: Time of flight measurement for 13.2 km of 9 LP-mode fiber. The modal content of the peaks are recovered by a CCD camera and 
by launching the individual mode groups. Right: Modal loss for the the four mode groups in the 9 LP-mode fiber, found by launching each mode 
group separately and performing optical time domain reflectometry (OTDR). 
 
There is reasonably good agreement between the measurements obtained from ToF and S
2
, particularly noting 
that the S
2
 measurement used only a 20 m sample. The main four discernible mode peaks were observed at their 
relative DMD locations however somewhat surprisingly; the LP31/LP12 and LP41/LP22/LP03 mode groups appear to 
be strongly coupled despite the fairly large difference in effective refractive index anticipated from the fiber design. 
Further studies are underway both to confirm and further understand coupling between these mode groups. In order 
to characterize the mode dependent fiber attenuation OTDR measurements were undertaken (at a wavelength of 
1550nm) using a phase plate based mode multiplexer, which allowed selective couple of the light into a specific 
spatial mode and exclusive recovery of the Rayleigh back-scattered light propagating on that particular spatial mode. 
Four binary phase plates (i.e. LP01, LP11, LP21, LP31) were employed to selectively excite/detect a representative 
modes for each mode group within the 9 LP-mode fiber. As shown in the Table to the right of Fig. 3, the 
transmission losses increase slightly from 0.2dB/km to 0.22dB/km with an  increase in mode group order, likely due 
to the increasing effective mode field area. Nevertheless low transmission loss (0.2-0.22dB/km) for each of the 
individual mode groups is confirmed. 
4.  Conclusion 
A new few moded transmission fiber supporting 9 LP-modes has been demonstrated. For the supported modes, we 
report a maximal difference in DMD of less than 0.8 ps/m, determined with both S
2
 and time of flight 
measurements. The measured max DMD is still much higher than expected from the theoretical design. By further 
optimizing the fabrication the DMD is expected to be decreased to a level closer to the theoretical minimum. We 
observe strong coupling within the mode groups in the fiber. The attenuation is found to be low for all guided 
modes, and varies between 0.20 and 0.22 dB/km. 
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1 LP01 0.20 
2 LP11 0.20 
3 LP21/02 0.21 
4 LP31/12/41/22/03 0.22 
